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Various theories of temporal control and schedule induction imply that periodic schedules temporally
modulate an organism's motivational states within interreinforcement intervals. This speculation has
been fueled by frequently observed multimodal activity distributions created by averaging across
interreinforcement intervals. We tested this hypothesis by manipulating the cost associated with
schedule-induced activities and the availability of other activities to determine the degree to which (a)
the temporal distributions of activities within the interreinforcement interval are fixed or can be
temporally displaced, (b) rats can reallocate activities across different interreinforcement intervals, and
(c) noninduced activities can substitute for schedule-induced activities. Obtained multimodal activity
distributions created by averaging across interreinforcement intervals were not representative of the
transitions occurring within individual intervals, so the averaged multimodal distributions should not
be assumed to represent changes in the subject's motivational states within the interval. Rather, the
multimodal distributions often result from averaging across interreinforcement intervals in which only
a single activity occurs. A direct influence of the periodic schedule on the motivational states implies
that drinking and running should occur at different periods within the interval, but in three experiments
the starting times of drinking and running within interreinforcement intervals were equal. Thus, the
sequential pattern of drinking and running on periodic schedules does not result from temporal
modulation of motivational states within interreinforcement intervals.

Key words: schedule-induced behavior, adjunctive behavior, polydipsia, temporal organization, tem-
poral control, drinking, running, motivation, interim behavior, fixed-time schedule, rats

If a rat is placed in a rich environment on
a periodic food schedule, such as a fixed-time
(FT) 60-s schedule, its behavior becomes ste-
reotyped and temporally entrained within the
interreinforcement interval (IRI). For exam-
ple, if a drinking tube and a running wheel
are available, the commonly observed pattern
within the IRI is to eat the food, then drink,
run, and return to the feeder in anticipation
of the next food presentation. When averaged
across all IRIs, the temporal frequency dis-
tribution of each activity typically has a single
peak (or mode), and the different activities
(such as drinking and running) usually peak
at different periods within the IRI. We will
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Chip Ettinger, Peter Killeen, and Bill Timberlake for
comments on an earlier version of this paper. Address
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chology, Eastern Oregon State College, La Grande, Or-
egon 97850.

call the averaged distributions multimodal when
the various activities peak at different periods
in the IRI, and unimodal distributions will
refer to averaged distributions in which the
various activities peak at approximately the
same period in the IRI.

Similar multimodal activity distributions
have been observed in pigeons and many other
experimental subjects (see recent review in Reid
& Staddon, 1990). These activity distributions
have received attention mostly from research-
ers interested in schedule-induced behavior,
because the first activity after food consump-
tion is typically schedule induced and occurs
at elevated levels. Models of this stereotyped
temporal pattern of activities have usually been
models of schedule induction.

For example, one of the most comprehensive
models is that of Staddon (1977), who argued
that periodic reward schedules modulate the
animal's motivational states across the inter-
reinforcement interval, producing interim, fac-
ultative, and terminal motivational states. The
interim state is represented by the first activity
in the IRI after consuming the food and is said
to be induced to elevated levels by the schedule.
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The facultative state is represented by subse-
quent activities, such as running, that do not
occur at elevated levels and are not considered
to be schedule-induced activities. The terminal
state refers to those activities related to ob-
taining reinforcement, such as operant behav-
ior and searching around the feeder. Terminal
activities are called "focal search" by Tim-
berlake and his colleagues (Lucas, Timber-
lake, & Gawley, 1988) to indicate that their
function is normally associated with searching
for reinforcement, and is the dominant, highest
priority activity in periodic schedules (Reid &
Dale, 1983; Reid, Piiiones Vazquez, & Ala-
torre Rico, 1985). Other models of schedule
induction similarly have accounted for the tem-
poral regularity of these activity distributions
by assuming that periodic reward schedules
temporally modulate the motivational states of
the animal within the IRI (Alferink, Bartness,
& Harder, 1980; Cohen, Looney, Campagno-
ni, & Lawler, 1985; Falk, 1971; Killeen, 1975,
1979; Osborne, 1978; Staddon & Ayres, 1975;
Thompson & Lubinski, 1986; Wetherington
& Riley, 1986).
Many studies have demonstrated multi-

modal activity patterns in rats on a wide range
of interval durations (see review in Reid &
Staddon, 1990). The multimodal pattern most
often reported is: consume the food, then drink,
run, and return to the feeder area in antici-
pation of the next food delivery. For example,
Staddon and Ayres (1975) carried out a de-
tailed analysis of the distributions within the
IRI, and their Figure 2 (Rat 4) has often been
republished as the classic example of the drink-
run pattern. Nevertheless, a careful reading of
their paper indicates that time allocation within
the IRI is not as stereotyped as this single
figure might imply. Of the 5 rats in their study,
Rat 4 was the most clear-cut example of the
drink-run pattern. In all other cases (4 of the
5 subjects), the temporal distributions of run-
ning and drinking overlapped substantially.
Because the rats could not run and drink at
the same time within any individual IRI, this
overlap indicates that the averaged temporal
distributions may not accurately represent
transitions between activities within any par-
ticular IRI. The temporal distributions of both
activities started at approximately the same
time within the interval, although they differed
somewhat in form. Often either drinking or
running, but not both, occurred in a given

interval. Even so, the averaged distributions
across the session were multimodal, with
drinking preceding running, but there was
substantial (often complete) overlap between
the distributions.

Because many reinforcement schedules are
time based or have prominent temporal com-
ponents, it is of fundamental importance to
understand the roles of these temporal com-
ponents in producing or modulating the sub-
ject's motivational states. An understanding of
the dynamics of any activity, including operant
behavior, in schedules with prominent tem-
poral components requires an understanding
of the interaction of available activities and
their associated motivational states (Hinson &
Staddon, 1978). Choice between activities and
persistence would be difficult to predict if the
subject's motivational states change in ways
that are poorly understood. Clearly this con-
cern is not restricted to studies involving sched-
ule-induced behavior, because these stereo-
typed patterns of activities have been observed
even in the absence of schedule-induced be-
havior (see Reid & Staddon, 1990, for a recent
review).

In three experiments, we used two ap-
proaches to determine whether periodic food
schedules directly modulate the subject's mo-
tivational states within individual intervals to
produce multimodal activity distributions. The
first approach was to increase systematically
the number of bar presses required for access
to the first activity that normally followed con-
sumption of the food pellet (usually the in-
duced activity) until it was nearly eliminated.
This manipulation allows other activities to
gradually replace the costly activity. Exami-
nation of the resulting temporal distributions
could help determine the roles that temporal
cues play in behavior allocation and the extent
to which schedule-induced activities are con-
strained to the period just after food delivery.
The second approach was to compare the

temporal distributions of running and drink-
ing within the IRI in situations in which the
activities were not restricted versus various sit-
uations in which only a single activity was
available for the entire IRI. This manipulation
should help determine whether activities occur
at periods within the interval because of a mod-
ulating influence of the periodic schedule or
because of the previous expression of partic-
ular behavior.
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EXPERIMENT 1
What would constitute evidence that peri-

odic food schedules modulate the subject's mo-
tivational states within each IRI? The stereo-
typed behavior patterns producing multimodal
frequency distributions are usually considered
to be the primary evidence of a sequence of
motivational states. To what extent is this se-
quence of activities fixed and unchangeable?
A direct influence of the schedule on the mo-
tivational states would imply that drinking and
running should occur at different periods
within the IRI and should be poor substitutes
for each other. The preferred temporal posi-
tion of one activity within the IRI should not
be strongly affected by preventing the occur-
rence of the other activity. For example, if
drinking is prevented from occurring early in
the interval when it normally occurs, will rats
substitute running for drinking? Does the pe-
riodic schedule increase only the motivation to
drink after food delivery, so running should
not take its place early in the interval? Does
the periodic schedule influence the rat's mo-
tivational states in such a way that the normal
drink-run pattern cannot be shifted to other
patterns?

In Experiment 1, we systematically in-
creased the cost associated with the first activity
in the interval (the induced activity) until its
level decreased nearly to zero. This manipu-
lation provided the opportunity for other ac-
tivities to replace the costly activity. Exami-
nation of the resulting temporal distributions
could help to determine the roles that temporal
cues play in behavior allocation and the extent
to which schedule-induced activities (such as
drinking) and non-induced activities (such as
running) are substitutable. This manipulation
should also provide evidence to test the hy-
pothesis that periodic food schedules modulate
the subject's motivational states within each
IRI.

METHOD
Subjects

Five naive female hooded rats, reared in this
lab from Charles River stock, were housed
individually in one room with 24-hr light. Each
rat was approximately 6 months old at the
beginning of the study. Their weights were
reduced to 80% of their free-feeding weights
by restricting food intake over a period of 10

25.0 cm

66.0 cm

Fig. 1. Experimental apparatus used in Experiments
1, 2, and 3.

days. Water was freely available in the home
cages.

Apparatus
The octagonal apparatus (Figure 1) was

used with four areas blocked off. Four areas
were open: a feeder area, a drinking area con-
taining a retractable drinking tube, a running
area leading to a running wheel with a brake,
and a chewing area containing a retractable
4.5 cm3 oak block. Each area contained a re-
sponse lever located 6.4 cm above the hardware
cloth floor. The tip of the metal drinking tube
was recessed 0.5 cm behind the clear Plexiglas
wall, and all except the tip was electrically
insulated. The contact-lickometer circuitry re-
quired only 0.43 ,uA for operation. The ap-
paratus was located in a large homemade
sound-attenuating chamber, and white noise
at approximately 82 dB sound pressure level
was present during all sessions. Noyes 45-mg
FormulaM pellets were dispensed throughout
all experiments by a Gerbrands pellet dis-
penser.
An infrared light-emitting diode and pho-

totransistor in the food hopper monitored head-
in and head-out of the hopper. Microswitches
were connected to the rod holding the retract-
able chewing block in order to register move-
ment of the block in any direction. Approxi-
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Table 1

Order of conditions and number of sessions in Experiment 1.

Rat 1 Rat 3 Rat 7 Rat 9 Rat 10

1. Massed food 5 Massed food 5 Massed food 5 Massed food 5 Massed food 5
2. FT 60 s 11 FT 60 s 12 FT 60 s 12 FT 60 s 12 FT 60 s 12
3. Free access 35 Free access 34 Free access 36 Free access 36 Free access 36
4. Shaping 8 Shaping 8 Shaping 8 Shaping 8 Shaping 8
5. Free access 18 Free access 16 Free access 16 Free access 18 Free access 17
6. FR 1 63 FR 1 71 FR 1 71 FR 1 54 FR 1 66
7. FR 3 42 FR 3 38 FR 3 38 Free access 52 FR 3 38
8. FR 6 28 FR 6 24 FR 6 24 FR 1 34 FR 6 33
9. FR 3 15 FR 9 27 FR 9 44 FR 3 13 FR 3 22

10. FR 1 15 FR 12 17 FR 12 18 FR 1 12 FR 1 17
11. FR3 21 FR3 22 FR9 15 FR2 24 FR3 21
12. FR 6 15 FR 12 12 FR 6 12 FR 3 17 FR 6 14
13. FR 3 12 FR 3 12 FR 3 12 FR 6 12 FR 15 15
14. FR 1 13 FR 1 12 FR 1 12 FR 1 12 FR 30 20
15. FR 1 12

Note. All conditions except the massed food condition contained an FT 60-s food schedule. The second condition
above, labeled FT 60 s, allowed no access to wheel, water, or wood. Free access refers to FT 60 s with free access to
wheel, water, and wood. In all FR conditions, access to the drinking tube was gained only by the completion of a fixed
number of bar presses. Access to the running wheel and the chewing block required a single lever press on their
respective levers in all FR conditions. After gaining access to any device, continued access was permitted until the
interval was completed or until the subject earned access to a different device.

mately 0.2 N of force on the end of the wooden
block in any direction was required to operate
the microswitches. The chewing block could
extend 4.5 cm into the chewing area, and when
the chewing block was retracted, a metal door
(5.0 cm2) automatically sealed off the block's
entrance on the outside wall. The hardware
cloth running wheel was 107.7 cm in circum-
ference, and every half revolution operated a
microswitch.
A microcomputer recorded every discrete

event (from four levers, the drinking tube, the
running wheel, the chewing block, head in
hopper, and head out of hopper) and its time
of occurrence with a resolution of 1/60 s. These
data were later transferred to another micro-
computer for permanent storage and analysis.

Procedure
All subjects were exposed to six experimen-

tal phases after their body weights were re-
duced to 80% of their normal free-feeding
weights. Table 1 summarizes each condition
and the number of sessions in each for each
subject. All sessions in all phases lasted 45 min.

Phase 1: Massedfood. Forty-five food pellets
were placed in the feeder hopper at the begin-
ning of each 45-min session. All events were
recorded but had no programmed conse-
quences. Each subject was exposed to this con-
dition for five sessions.

Phase 2: FT 60 s no access. Food pellets were
delivered individually on a fixed-time (FT)
60-s schedule independent of the subject's be-
havior. Subjects could enter all areas of the
apparatus, but the drinking tube and chewing
block were retracted and the running wheel
brake was engaged during the entire session.
Lever presses had no programmed conse-
quences. All sessions began with a pellet de-
livery. This condition was in effect until the
temporal distribution of head-in-feeder within
the IRI appeared stable for each subject for at
least eight sessions.

Phase 3: FT 60 s free access. Food pellets
were delivered on an FT 60-s schedule as be-
fore, but subjects had free and continuous ac-
cess to the drinking tube, running wheel, and
the oak block. Lever presses were recorded but
had no programmed consequences. All sessions
began with a pellet delivery. The drinking tube,
chewing block, and running wheel were pre-
sented to each subject at the beginning of the
session with the first pellet delivery, and were
retracted or locked at the end of the 45th in-
terval. This condition was in effect until the
session totals and the averaged temporal dis-
tributions of all activities within the IRI ap-
peared stable for at least eight sessions for each
subject.

Phase 4: Shaping. Each subject was deprived
of water for 24 hr and was then trained to press
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a lever for water delivery by a successive-ap-
proximations shaping procedure. During this
procedure, each subject was confined to the
drinking area of the apparatus. After each sub-
ject had responded on the water lever on a
fixed-ratio (FR) 10 schedule for at least 50
water presentations, water was once again
freely available in the home cages. Using the
same shaping procedure and learning crite-
rion, all subjects were then trained to press the
lever in the wheel compartment for access to
the running wheel, and the lever in the chew-
ing area for access to the oak chewing block.
The order of lever-press training to the various
activities was the same for all subjects.

Phase 5: Free access recovery. Each subject
was reexposed to the conditions of Phase 3 to
ensure that lever-press training had not altered
the temporal distributions of any activities
within the IRI. The stability criteria of Phase
3 were used to terminate this condition.

Phase 6: FT 60 with FR for water. Each
subject was exposed to the same FT 60-s
schedule of food delivery, but an FR lever-
press requirement was imposed for access to
the schedule-induced activity. In Phase 3,
drinking was the only schedule-induced activ-
ity for all animals, and it reliably occurred just
after consumption of the food pellet. There-
fore, access to the drinking tube was gained
only by the completion of a fixed number of
lever presses.

Every pellet delivery on the FT 60-s sched-
ule caused the drinking tube and the chewing
block to be retracted and the running wheel
to be locked. A single press of the correspond-
ing lever in the wheel area or the chewing area
resulted in immediate access to the correspond-
ing device. Continued access was permitted
until the 60-s interval was completed or until
the subject pressed a lever that earned access
to another activity. Lever presses in the feeder
area were recorded but had no programmed
consequences.
The FR value for access to the drinking tube

was increased systematically across conditions
until drinking was nearly eliminated. The ra-
tio value was then decreased systematically to
allow the opportunity for the previous drink-
ing levels and temporal distributions to re-
cover. This manipulation was repeated for
some of the subjects. The actual FR values
chosen varied considerably across subjects be-
cause they showed differential persistence in

their drinking levels. Table 1 shows the order
of the FR conditions (6 through 15) and the
number of sessions in each for each subject.
The stability criteria of Phase 3 were used to
terminate each of the FR conditions.

RESULTS AND DISCUSSION
The temporal distributions of food-related

behavior (head-in-feeder) quickly stabilized in
Phase 2, when no access was allowed to the
running wheel, oak chewing block, or the
drinking tube. Roper, Edwards, and Cross-
land (1983) proposed that schedule-induced
chewing may develop only if rats have ample
exposure to the periodic food schedule before
access to the oak block is allowed. The purpose
of Phase 2 was simply to allow this exposure
in order to encourage as many activities as
possible to become induced.
The temporal distributions within IRIs sta-

bilized more slowly in Phase 3 (FT 60 s with
free access). The temporal distributions ob-
tained in Phase 5 (free access recovery) ac-
curately replicated the distributions obtained
in Phase 3, so data from only Phase 5 will be
shown. Schedule-induced chewing was not ob-
served in any subject, and chewing levels were
very low throughout the experiment. All
subjects became polydipsic, with drinking ex-
ceeding the amounts observed during the
massed-food condition of Phase 1. Temporal
distributions, produced by taking second-by-
second averages across all IRIs, indicated that
drinking occurred earliest in the interval, im-
mediately after consumption of the pellet.

Data are reported for the last eight sessions
for each subject in each experimental phase.
Figure 2 shows the averaged session totals of
licks and wheel turns as a function of the ratio
value for access to the drinking tube in Phases
5 and 6. Circles identify the mean number of
licks at the drinking tube per session as the
ratio requirement was varied from no lever-
press requirement (Phase 5: free access recov-
ery), depicted as FR 0, to a maximum value
of FR 30 for some subjects in Phase 6. The
mean number of licks per session decreased
systematically in all subjects as the ratio value
increased.

Triangles in Figure 2 identify the mean
number of wheel turns per session as a function
of the ratio requirement for access to the drink-
ing tube. For all subjects, wheel running de-
creased substantially with the imposition of the



ALLISTON K. REID et al.

10000

1000 4

100

10

1

10000

1000 4

100

10

1

10000

100

10

1

O 6 12 18 24

4

30

Rat 7

S 7 \V-V-V-V7

9 6 12 18 24 3C

OI

Rat 1 0

Rat 3

-vv\ v .

D 6 12 18 24 3C

Rat 9

v _

) 6 12 18 24 30

* Licks

v Wheel
Turns

0 6 12 18 24 30

Ratio Value
Fig. 2. Session totals of licks and wheel turns in Phases 5 and 6 of Experiment 1. The free access condition of

Phase 5 is represented by a ratio value of 0. The ratio value refers to the number of lever presses required to gain
access to the drinking tube. Access to the running wheel required a single press of the wheel lever in each of the
conditions of Phase 6.

Rat 1

0

G)cn

(

s

1000



TEMPORAL ORGANIZATION OF BEHAVIOR

C)

a)

a3)

1.0

0.8

0.6

0.4

0.2

0.0
1 .0

0.8

0.6

0.4

0.2

0.0
0 10 20 30 40 50 60 0 10 20 30 40 50

Time in Interval (Sec)
60

Fig. 3. Temporal frequency distributions of activities for Rat 1 occurring in Phase 5 (labeled free access) and the
various fixed-ratio requirements of Phase 6. Filled circles represent drinking, filled triangles represent head-in-feeder,
and open triangles represent wheel running. Each curve was generated by averaging across all IRIs in the last eight
sessions of each condition.

single lever-press requirement to unlock the
wheel. Running appeared to be unaffected by
further increases in the ratio requirement for
drinking. As drinking decreased across the FR
conditions, running did not increase to take its
place, even though more time within the in-
terfood intervals was available for running
when subjects finally stopped pressing the lever
for water. Similarly, head-in-feeder (focal
search) did not increase across the FR con-

ditions, except for Rat 9.
As with the session totals, the temporal fre-

quency distributions were also affected in the
same way for all subjects as the FR value
increased. For brevity, data from only a single
subject are shown. Figure 3 depicts the tem-
poral frequency distributions of activities across
the 60-s IRI for each FR value for Rat 1. Each
graph represents the total number of occur-

rences of each activity in 1-s bins during each
IRI, summed across all IRIs in the last eight
sessions of the condition and divided by the
total number of IRIs in those sessions. The
maximum possible on the ordinate is 1.0, which
would represent the occurrence of that activity
during that second of every IRI in the last
eight sessions. Chewing was rarely observed,
so chewing distributions are not pfotted.
The panel labeled "free access" in Figure

3 refers to the conditions of Phase 5 in which

lever presses were not required for access to
each activity on the FT 60-s schedule. In all
subjects, drinking reached its maximum level
earlier in the interval than did running, with
substantial overlap in their distributions.
As the FR value increased and drinking lev-

els decreased, running did not shift to occupy
the temporal periods in which drinking had
occurred for any subject. Rather, the running
distributions often shifted slightly to the right,
toward the end of the interval. The running
distributions did not shift left (earlier in the
IRI) in any subject. No recorded activity re-

placed drinking in the early parts of the in-
terval in 4 of the 5 animals. Rat 9 was the
exception, whose level of head-in-feeder (focal
search) increased as all other activities de-
creased.
The overlap in the drinking and running

distributions in all subjects implies that these
averaged frequency distributions do not ac-

curately represent the temporal pattern of ac-
tivities within some interfood intervals. Some
IRIs could contain drinking without running,
or vice versa, with bouts occurring at different
parts of the interval. This finding implies that
these averaged frequency distributions may not
accurately reflect the changes in the subject's
motivational states within individual IRIs. In
order to examine this possibility, five interval
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Fig. 4. Percentage of each interval type as a function of the lever-press requirement for access to the drinking tube

in Phases 5 and 6. The free access condition of Phase 5 is represented by a fixed-ratio requirement of 0. The interval
types were distinguished by obtained transitions between activities.

types were defined: (a) IRIs in which the sub-
jects drank and then ran, (b) IRIs in which
the subjects ran then drank, (c) IRIs that con-
tained drinking but no running, (d) IRIs that
contained running but no drinking, and (e)
IRIs that contained no drinking or running.
Table 2 contains the percentages of each type
of interval observed in each phase of Experi-
ment 1.
The percentages of each type of IRI occur-

ring in each condition, for each subject and the
group mean, are presented in Figure 4. The
filled squares represent the interval type con-

taining drinking preceding running. This per-
centage was relatively low in 4 of the 5 subjects
in Phase 5 (when the levers were inoperative)
and decreased further with increases in the
ratio requirement for access to the drinking
tube. Unfilled squares represent those inter-
vals in which running preceded drinking and

are below 3% in all cases. Unfilled circles rep-
resent intervals containing running with no

drinking. These intervals were relatively con-
stant with all ratio values and, in 4 of the 5
subjects (Rat 1 was the exception), were below
the level observed in the free access condition
of Phase 5. As the ratio value increased, the
percentage of intervals containing neither run-
ning nor drinking (triangles) increased system-
atically, with the smallest increases shown by
Rat 1. The percentage of intervals containing
drinking with no running (asterisks) decreased
systematically in all rats.
The drink-run pattern commonly observed

in averaged multimodal frequency distribu-
tions (cf. Reid & Staddon, 1990; Staddon, 1977)
clearly does not occur in every interval. These
distributions are averaged across intervals that
vary considerably in their composition and se-

quences of activities. In most subjects drinking
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Table 2

Percentage of each type of interval observed in each phase of Experiment 1.

Condition Interval type Rat 1 Rat 3 Rat 7 Rat 9 Rat 10

Drink - run
Run - drink
Drink only
Run only
No drink or run
Drink - run
Run - drink
Drink only
Run only
No drink or run
Drink - run
Run - drink
Drink only
Run only
No drink or run
Drink - run
Run - drink
Drink only
Run only
No drink or run
Drink run
Run - drink
Drink only
Run only
No drink or run
Drink - run
Run - drink
Drink only
Run only
No drink or run
Drink - run
Run - drink
Drink only
Run only
No drink or run
Drink - run
Run - drink
Drink only
Run only
No drink or run

74.7
0.6

11.7
9.4
3.6

31.1
0.4

12.3
20.5
35.7
22.7
0.1

10.7
26.3
40.2
5.5
0.0
3.4

47.9
43.2

19.9
1.1

27.3
23.3
28.4
0.0
0.0

40.2
4.0

55.8
0.0
0.1

42.2
2.0

55.7
0.0
0.0

16.2
5.1

78.7
0.0
0.3

19.0
1.7

79.0
0.0
0.0

19.9
0.9

79.2

1.7
1.7

22.2
39.2
35.2
1.3
0.7

46.2
3.8

48.2
0.1
0.1

40.3
5.4

54.1
0.0
0.4

33.4
5.5

60.7
0.0
0.1

28.0
5.8

66.1
0.0
0.6

13.4
2.8

83.2

16.5
0.6

38.1
17.3
27.5
1.1
0.3

18.5
2.2

67.9
0.0
0.0

12.8
0.7

76.5
0.0
0.0
0.9
7.4

91.7

6.8
2.8

29.5
49.1
11.8
0.2
0.1

33.6
4.5

61.6
0.1
0.0

27.4
4.6

67.8
0.3
0.0

16.3
6.3

77.1

0.0
0.0
6.8
2.6

90.6
0.0
0.0
3.1
9.4

87.5

and running occupied the same interval in only
a relatively small percentage of the total in-
tervals (M = 23.4% in Phase 5, M = 6.7%
with FR 1 in Phase 6). In 4 of the 5 subjects,
most intervals contained drinking without run-
ning, running without drinking, or neither ac-
tivity. Rat 1 was an exception again, but only
in the free access condition, with 74.7% of the
intervals consisting of drinking followed by
running. This percentage decreased substan-
tially in later conditions. Rat 7 represented the
opposite extreme, in which drinking preceded
running in only 1.7% of the intervals.

When both drinking and running did occur
in the same interval, running only rarely pre-
ceded drinking (M = 1.4% in Phase 5, M =

0.3% with FR 1 in Phase 6). Although the
drink-run pattern was observed much more
frequently than the run-drink pattern, many
intervals were composed of drinking only (M
= 25.8% in Phase 5, M = 30.2% with FR 1
in Phase 6) or running only (M = 27.7% in
Phase 5, M = 9.0% with FR 1 in Phase 6).
Intervals containing neither drinking nor run-
ning were also frequently observed (M = 22.6%
in Phase 5, M = 53.8% with FR 1 in Phase

Free
access

FR 1

FR 3

FR 6

FR 9

FR 12

FR 15

FR 30
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Fig. 5. Temporal frequency distributions of activities for all subjects in Phase 5. Filled circles represent drinking,

filled triangles represent head-in-feeder, and open triangles represent wheel running. These curves were generated by
classifying five types of intervals based on the obtained transitions between activities within the IRI and averaging
across only those IRIs of the same type. The maximum value on the ordinate for any activity is 1.0, which would
represent the occurrence of that activity at that second in every IRI of that type. The column labeled "Mean" contains
the distributions averaged across all five interval types for each subject. The interval type in which running preceded
drinking is not depicted because it occurred very infrequently in this phase.

6, increasing to 70.3% with FR 6). The asym-
metry in the frequency of the drink-run and
the run-drink patterns is examined in more
detail below.

Figure 5 depicts the temporal frequency dis-
tributions averaged across all IRIs in the last
eight sessions (in the panel labeled "Mean")
and the temporal frequency distributions of
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Fig. 6. Temporal frequency distributions of drinking and running that occurred in drinking-only and running-

only intervals for each subject in Phase 5 of Experiment 1. The drinking and running distributions are plotted together
even though they occurred in separate IRIs in order to compare their temporal characteristics. The numbers in each
panel represent the obtained percentages of drinking-only and running-only intervals.

each interval type for each rat in Phase 5. The
mean distributions represent the total number
of occurrences of each activity in 1-s bins dur-
ing each IRI, summed across all IRIs in the
last eight sessions of Phase 5 and divided by
the total number of IRIs in those sessions (in
order to normalize the ordinate). The maxi-
mum possible on the ordinate is 1.0, which
would represent the occurrence of that activity
during that second of every IRI in the last
eight sessions. In the remaining three panels,
each distribution was generated by classifying
five types of IRI based on the obtained tran-
sitions between activities within the IRI and
taking second-by-second averages across only
those IRIs of the same type. The distributions
of those IRIs containing neither drinking nor

running are not shown. Data were not plotted
if the percentage of a particular interval type
was below 2%, because the resulting normal-
ized distributions would appear highly irreg-
ular and would not be informative. The per-
centage of drink-before-run intervals was below
2% for Rat 7, so the data in that panel are not
plotted. The interval type representing run-

ning before drinking was very low in all an-
imals (see Table 2), so those panels are not
plotted.

In all cases the mean distributions were

composed of the individual IRIs that contrib-

ute to the other panels. A second-by-second
average of the individual IRIs used to create
the distributions in each of the three panels
representing particular interval types (and in-
cluding the IRIs that contained neither drink-
ing nor running and those infrequent run-then-
drink IRIs) and divided by the total number
of IRIs will exactly produce the averaged dis-
tributions in the panel labeled "Mean" (Fig-
ure 5).

In drink-then-run intervals, the total amount
of time spent drinking and running was not
greater than the time spent running in run-

ning-only intervals for any of the subjects. Thus
the total amount of time engaged in activities
unrelated to obtaining food was roughly con-
stant across intervals, with running and drink-
ing substituting for one another.
When drinking and running occurred in

separate intervals, their respective temporal
distributions were very similar in all subjects,
as the two columns of panels on the right of
Figure 5 show. The temporal distributions of
drinking and running began at approximately
the same time in the interval for each of the
subjects.
The similarities between the drinking and

running distributions for all subjects are il-
lustrated in Figure 6. The data in Figure 6
are from intervals that contained drinking
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Fig. 7. Frequency distributions representing the times of onset of drinking and running obtained in drinking-only

and running-only intervals for each subject in Phase 5 of Experiment 1. The maximum value on the ordinate for
either activity is 1.0, which would represent the onset of that activity at that second in every IRI of that type.

without running or running without drinking,
and are plotted together for comparison of their
temporal characteristics. The numbers in each
panel represent the percentages of intervals
containing only drinking or only running.
There was no consistent evidence that drinking
and running tended to occur at different pe-

riods within the IRI.
Figure 6 also shows that drinking and run-

ning began at approximately the same time in
the IRI for all rats in those intervals that con-

tained only one of the activities. Drinking bouts
were shorter in duration with less variation
(M = 12.1 s, SD = 6.3 s) than running bouts
(M = 19.5 s, SD = 11.3 s), so the distributions
fell off with different slopes in the IRI. A more

compelling demonstration of the striking sim-
ilarities between their starting times can be
made by examination of the frequency distri-
butions of the onset times of running and
drinking (Figure 7). From Figure 6 we saw

that the starting time distributions should peak
at approximately the same place, but it implied
nothing about the actual shapes of the fre-
quency distributions of onset times.
The frequency distributions of Figure 7 de-

pict the variation in the time to the first re-

sponse of drinking or running in those inter-
vals in which only one of those activities
occurred. The peaks of both distributions occur

at approximately the same point within the
IRI for all subjects. The overall forms of the
two starting-time distributions are so similar
in most subjects that they can be distinguished
only with difficulty. It is not possible to dem-
onstrate statistically that the distributions are
the same, but the drinking and running dis-
tributions can be described as representing in-
dependent samples from the same hypothetical
distribution with at least 95% certainty for all
subjects, t(58) = 9.31, 7.00, 14.37, 19.03, 5.53;
p < .05). The onset times of running and
drinking were equivalent.
These results argue strongly against the no-

tion that periodic food schedules directly mod-
ulate the tendencies to engage in drinking and
running at different points in the IRI. Drink-
ing and running usually occupied approxi-
mately the same portions of the IRI, and their
onset times were nearly identical. Therefore,
the multimodal activity distributions with rats
obtained from averaging across all IRIs (cf.
the panels labeled "Mean" in Figure 5 and
the recent review in Reid & Staddon, 1990)
are results of averaging several types of inter-
vals together: (a) intervals with drinking pre-

ceding running, (b) intervals with running
preceding drinking, (c) intervals containing
drinking but no running, (d) intervals con-

taining running but no drinking, and (e) in-
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tervals containing neither drinking nor run-
ning.
The different shapes of the activity distri-

butions are not produced by different onset
times. We postulate that the rapid rise in the
drinking distributions early in the interval re-
sults largely from licking reaching full speed
quickly, whereas the inertia of the running
wheel, frequent pauses within running bouts,
and frequent reversals in the direction of run-
ning (from informal visual observations) often
resulted in a more gradual increase in running
speed and flatter distributions. For each sub-
ject, the drinking distributions declined earlier
in the interval than did the running distri-
butions because running bouts lasted longer
than drinking bouts. Therefore drinking dis-
tributions peaked earlier than did the running
distributions, even though the two activities
began at the same point in the IRI. These
distributions, and their resulting multimodal
average, appear to be due to variables unique
to each activity (e.g., inertia and preferred bout
length) rather than a modulating influence on
the rat's motivational states.

For two reasons, these data are not sufficient
to rule out the possibility that periodic food
schedules modulate the motivational states of
the subject, producing the drink-run sequence
seen in averaged data. First, this sequence was
observed in a small number of intervals and
was the dominant type in Rat 1 in one con-
dition. For 4 of the 5 rats this drink-run pat-
tern occurred in less than 20% of the intervals
in Phase 5 but Rat 1 was an exception, drink-
ing before running in nearly 75% of the in-
tervals. Second, in those intervals that did con-
tain both activities, the drink-run sequence
was observed much more frequently than was
the run-drink sequence. Running preceded
drinking in less than 3% of all IRIs.

Various theories of schedule induction often
imply that periodic reward schedules tempo-
rally modulate the subject's motivational states
within every interfood interval, so transitions
from drinking to running should occur in each
IRI. This experiment demonstrated that the
averaged multimodal activity distributions are
not representative of the transitions that occur
within most IRIs when each activity is con-
tinuously available. These averaged distribu-
tions should not be assumed to represent mod-
ulation of the motivational states of the subject
within the IRI. Experiment 2 compares the

temporal characteristics of similar frequency
distributions in situations in which rats have
continuous access to each activity with situa-
tions in which activities are not freely avail-
able.

EXPERIMENT 2
Experiment 1 attempted to determine the

factors responsible for multimodal activity dis-
tributions by varying the cost associated with
the first activity in the interfood interval. This
manipulation offered the opportunity for other
activities to replace the costly activity gradu-
ally. The question remains of how the time of
onset of running and drinking depends upon
the availability of the other activity. For ex-
ample, Staddon (1977) argues that drinking
and running compete with each other for avail-
able time in the interval, even though drinking
is schedule induced and running is not. If
drinking did not occur, would running take its
place in the IRI? Does the periodic food sched-
ule modulate the tendency to drink and run so
that they will occupy different positions in the
IRI, even if the other activity is not available?

In order to address these questions, Exper-
iment 2 compared the observed, unrestricted
temporal distributions with (a) the temporal
distributions obtained when only a single sub-
ject-initiated activity was available for the en-
tire interval and with (b) the temporal distri-
butions obtained when the experimenter
allowed access to only certain activities by lock-
ing the running wheel or retracting the drink-
ing tube for the entire session. If periodic
schedules modulate the motivational states of
rats within the IRI, drinking and running
should generally occupy different portions of
the interval during both of these situations.

METHOD
Subjects and Apparatus

Five naive female hooded rats, reared in this
lab from Charles River stock, were housed
individually in one room with 24-hr light. Each
rat was approximately 7 months old at the
beginning of the study. Their ad lib weights
were determined by averaging each subject's
weight over 5 consecutive days. Their weights
were reduced to 80% of their free-feeding
weights by restricting food intake over a period
of 10 days. Water was freely available in the
home cages.

13
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Table 3

Order of conditions and number of sessions in
Experiment 2.

Rat Rat Rat Rat Rat
Phase 5 6 11 12 13

1. Massed food 5 5 8 8 8
2. FT 60 no access 12 12 12 12 12
3. FT 60 free access 71 71 32 32 32
4. Shaping 8 8 8 8 8
5. Phase 3 recovery 12 12 12 12 12
6. FR 1 each activity 53 38 44 49 65
7. Exclusive choice 49 69 67 60 38
8. Phase 6 recovery 27 32 32 32 32
9. FR 1 no choice:

No water 18 - 18 -

No wheel 18 18 17 17 16
No water 18 - 18 died

10. Phase 3 recovery 15 15 15 16

The apparatus was the same as that used
in Experiment 1.

Procedure
Table 3 summarizes the order of each con-

dition and the number of sessions in each for
each subject. Session duration was 45 min in
all phases.

Phases 1 through 5. The conditions in each
of these phases were the same as those of Phases
1 through 5 in Experiment 1.

Phase 6: FR 1 for each activity. Access to the
drinking tube, running wheel, and the chewing
block could be obtained only by a single lever
press on their respective levers. A lever press
on one lever resulted in retraction or locking
of the other two devices. This FR 1 require-
ment was superimposed on the FT 60-s food
schedule. Transitions between activities within
an interfood interval were allowed, but always
required a lever press in the area with the new
activity. Every pellet delivery retracted or
locked each device until a subject earned access
to it.

Phase 7: Exclusive choice. The lever-press
requirement for each device was the same as
in Phase 6. However, once a lever was pressed,
all other levers became inoperative for the re-
maining portion of the interfood interval. Once
a subject began one activity, transitions to the
other two activities were not allowed for the
rest of the interfood interval, forcing exclusive
choice between activities. All devices were
locked or retracted with every pellet delivery,

and access to each could again be obtained by
a single press on the appropriate lever.

Phase 8: FR 1 recovery. This phase repli-
cated the conditions of Phase 6.

Phase 9: FR 1 no choice. The lever-press
requirement for access to each activity was
maintained, but either the running wheel was
locked or the drinking tube was retracted for
the entire session. The drinking tube was re-
tracted first for 2 subjects, and the running
wheel was locked first for the remaining 3
subjects. After this first condition, each subject
was shifted to the other condition, in which
the other apparatus was restricted and access
was allowed to the previously restricted ap-
paratus.

Phase 10: Free access recovery. This phase is
a replication of Phases 3 and 5, in which levers
had no scheduled consequences and access to
each device was freely and continuously avail-
able.

RESULTS AND DISCUSSION
Data are reported for the last eight sessions

for each subject in each experimental phase.
Table 4 contains the total number of licks and
wheel turns per session as a function of each
experimental phase for each subject. All sub-
jects showed a substantial increase in drinking
level when shifted from the massed-food base-
line (Phase 1) to the FT 60-s food schedule of
Phase 3. The drinking tube and running wheel
had not been available in Phase 2. Running
was not systematically affected by the shift in
conditions: Running increased for 2 subjects,
decreased for 2 subjects, and remained constant
for 1 subject.

Phase 5 was a recovery of the conditions of
Phase 3 and determined whether or not the
intervening lever-press training procedure
(Phase 4) altered the levels of drinking or wheel
running. The levels of drinking and running
in Phase 5 accurately recovered the levels ob-
served in Phase 3 for all subjects.
The imposition of a single lever-press re-

quirement for access to the drinking tube or
the running wheel (Phase 6) resulted in a small
reduction in running for all subjects. Drinking
levels also diminished slightly for 4 of the 5
subjects, but the day-to-day variability in
drinking levels exceeded this small difference.
When subjects were shifted to the exclusive

choice condition (Phase 7) any IRI could con-
tain drinking or running but not both. Subjects
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Table 4

Session totals of drinking and running in each condition of Experiment 2.

Phase Rat 5 Rat 6 Rat 11 Rat 12 Rat 13

1. Massed-food baseline
Drink 37 48 203 315 372
Run 738 557 469 297 330

3. FT 60 free access
Drink 1,174 845 1,406 878 876
Run 355 299 725 586 320

5. Phase 3 recovery
Drink 1,101 781 1,706 808 962
Run 373 321 749 622 295

6. FR 1 each activity
Drink 913 682 955 607 1,317
Run 287 236 471 307 194

7. Exclusive choice
Drink 1,298 1,304 1,998 1,283 1,532
Run 107 160 291 176 104

8. Phase 6 recovery
Drink 1,033 803 1,587 849 1,327
Run 392 340 626 331 333

9. FR 1 no choice:
9a. No water

Drink 0 0 0 0
Run 450 366 210 461

9b. No wheel
Drink 1,353 1,068 1,881 1,630 1,717
Run 0 0 0 0 0

10. Phase 3 recovery
Drink 999 739 1,226 742
Run 404 251 622 657

had to choose between drinking and running
(or neither) in each interval. Drinking levels
increased, often substantially, and running de-
creased in all subjects.

Phase 8 was a recovery of the conditions in
Phase 6 in which a single lever-press require-
ment was in effect for access to the drinking
tube or the running wheel. Drinking levels
decreased and running increased to approxi-
mately recover the levels of Phase 6 in each
subject.

In Condition A of Phase 9, the drinking tube
was retracted for the entire session, and the
running wheel became available after a single
lever press. In Condition B, the running wheel
brake was engaged, and the drinking tube was
available after a single lever press. Running
levels were not systematically affected by re-
tracting the drinking tube. There was a small
increase in running for 3 subjects and a sub-

stantial decrease in another. (One subject, Rat
13, died before this phase was completed.)
Drinking levels increased substantially in all
subjects when the running wheel brake was
engaged, compared to the previous condition
in which both activities were available (Phase
8).

Phase 10 was a recovery of Phase 3. Each of
the 4 remaining subjects recovered the drink-
ing and running levels observed in Phase 3.

Figure 8 depicts the frequency distributions
of the starting times of drinking and running
when they occurred alone in separate intervals
in the conditions of Phase 5, which allowed
free access to drinking and running on the FT
60-s food schedule. These conditions precisely
replicated those of Phase 5 of Experiment 1,
but with different subjects. As in Experiment
1, statistical analysis revealed that the drinking
and running distributions could be described
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Fig. 8. Frequency distributions representing the times of onset of drinking and running obtained in drinking-only

and running-only intervals in Phase 5 of Experiment 2. The maximum value on the ordinate for either activity is 1.0,
which would represent the onset of that activity at that second in every IRI of that type. The numbers in each panel
represent the obtained percentages of drinking-only and running-only intervals.

as representing independent samples from the
same hypothetical distribution with at least
95% certainty for all subjects, t(58) = 6.79,
9.56, 11.73, 13.08, 13.54; p < .05. This sim-
ilarity demonstrates that drinking and running
began at the same point within the IRI in those
intervals that contained one or the other, but
not both. These results accurately replicate the
findings of Experiment 1 (Figure 7).

In the exclusive choice condition (Phase 7),
subjects could engage in drinking or running,
but not both in any interval. Transitions be-
tween drinking and running were not possible
within an interval. Figure 9 shows the cor-

responding temporal distributions of running
and drinking within the separate intervals,
plotted together for ease of comparison. Once
again, the starting times of both activities were
approximately the same, and the overall forms
of the distributions were very similar for 4 of
the 5 subjects. For Rat 13, the mode of the
drinking distribution occurred later in the in-
terval than did running, although the starting
times were approximately the same.

Figure 10 depicts the temporal distributions
of drinking and running in the two conditions
of Phase 9, plotted together for ease of com-

parison. In Phase 9, either the drinking tube
(in Phase 9a) was retracted or the running
wheel (in Phase 9b) was locked for the entire

session. Running and drinking started at ap-

proximately the same time within their re-

spective IRIs in both conditions for each sub-
ject. The actual heights of the distributions
varied considerably, as did the session totals
for each (cf. Table 4). Rat 13 became ill and
died during this phase, so its panel represents
the average of only four (rather than eight)
sessions. Rat 11 was able to contact the drink-
ing tube occasionally even when it was re-

tracted, so its data are not depicted.
Table 5 contains the percentages of each

type of IRI for each phase and each subject.
The interval types were defined as in Exper-
iment 1: (a) intervals in which drinking pre-

ceded running, (b) intervals containing run-

ning preceding drinking, (c) intervals
containing drinking but no running, (d) in-
tervals containing running but no drinking,
and (e) intervals containing neither activity.
The percentage of intervals containing both

drinking and running was low (less than 25%)
for 4 of the 5 subjects in Phase 3, in which
subjects had free access to both activities. Rat
11 was the only exception, with 60.8% of the
intervals containing both activities. For all
subjects, drink-run intervals occurred more
frequently than run-drink intervals. In all
subsequent conditions requiring a single lever
press for access to the drinking tube or the

I
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Fig. 9. Temporal frequency distributions of drinking and running that occurred in drinking-only and running-

only intervals for each subject in the exclusive choice condition of Phase 7 of Experiment 2. The drinking and running
distributions are plotted together even though they occurred in separate IRIs in order to compare their temporal
characteristics. The numbers in each panel represent the obtained percentages of drinking-only and running-only
intervals.

running wheel, the percentage of intervals con-
taining both activities decreased dramatically
to 1 1% or less with all subjects, even with Rat
11. When subjects were shifted to the exclusive
choice condition (Phase 7), the number of in-

tervals containing drinking increased for 3 of
the 4 subjects. The number of intervals con-
taining running decreased for all subjects, but
the decrease was sometimes small.

In Phase 9, either the drinking tube was
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Fig. 10. Temporal frequency distributions of drinking and running that occurred in drinking-only and running-

only intervals for each subject in the no-choice condition of Phase 9 of Experiment 2. The drinking and running
distributions are plotted together even though they occurred in separate sessions in order to compare their temporal
characteristics. Rat 11 was able to contact the drinking tube occasionally even when it was withdrawn, so its data are

not plotted. Filled circles represent drinking, and open circles represent running.

C)

a)

a)

1 .0

0.8

0.6

0.4

0.2

0.0
1.0

0.8

0.6

0.4

0.2

0.0

I I--T I

Rat I1
D=49.4%

- m RR= 16.2%

I I

_Rat 6
D=37.5%;

_ J_ ~R=26. 1x_

I Rat' 131
~~~ ~D=33.2% -

R=9.7;%

Rat 5
D= 13.4%
R-23.3%_

Rat 6
D=27.4%
R= 12.8%-

Rat 12
D=44.3%
R=46.6% -

Rat 13
D=38.6%
R=35.6% -

_~~~_

17



ALLISTON K. REID et al.

Table 5

Percentage of each type of interval observed in each phase of Experiment 2.

Condition Interval type Rat 5 Rat 6 Rat 11 Rat 12 Rat 13

Phase 3
free access

Phase 5
recovery of Phase 3

Phase 6
FR 1 each activity

Phase 7
exclusive choice

Phase 8
recovery of Phase 6

Phase 9a
FR 1 no choice, no water

Phase 9b
FR 1 no choice, no wheel

Phase 10
recovery of Phase 3

Drink - run
Run - drink
Drink only
Run only
No run or drink
Drink - run
Run - drink
Drink only
Run only
No run or drink

Drink - run
Run - drink
Drink only
Run only
No run or drink
Drink -run
Run - drink
Drink only
Run only
No run or drink

Drink - run
Run - drink
Drink only
Run only
No run or drink

Drink - run
Run - drink
Drink only
Run only
No run or drink
Drink - run
Run - drink
Drink only
Run only
No run or drink

Drink - run
Run - drink
Drink only
Run only
No run or drink

Note. Rat 11 was able to reach the drinking tube even when it was retracted during Phase 7, exclusive choice,
allowing some intervals to contain both drinking and running. Therefore, those data are not included. Rat 13 died
during the no water condition of Phase 9, so data are not available for that condition or for Phase 10.

retracted or the running wheel was locked for
the entire session. The data in this condition
can be compared to the previous phase, which
had the same lever-press requirement and re-
covered the drinking and running levels of
Phase 6. When the drinking tube was not
available, the percentage of intervals contain-
ing running (running only) increased in all
subjects from that obtained when both activ-
ities were available. When the running wheel

was locked, the percentage of intervals con-

taining drinking (drinking only) increased in
4 of the 5 subjects.
As in Experiment 1, these results cast doubt

on the notion that periodic food schedules di-
rectly modulate the tendencies to engage in
drinking and running at different points in the
IRI. Drinking and running usually occupied
approximately the same portions of the IRI in
the three conditions of free access, exclusive
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choice, and no choice. Their onset times were
equivalent. For 4 of 5 rats, the drink-run pat-
tern occurred infrequently. Rat 11 was the
exception in Phase 3, but this frequency
dropped to less than 4% in Phase 10, which
was the final exposure to the conditions of
Phase 3.

EXPERIMENT 3
The periodic food schedules in Experiments

1 and 2 were restricted to an FT 60-s schedule.
In schedules with longer IRIs, such as an FT
240-s schedule, more time is available within
each interval for the allocation of both drinking
and running. It is possible that these longer
intervals would entrain drinking and running
to occur at different periods, and more vari-
ation would occur in the behavioral sequences.
Experiment 3 compared the activity distri-
butions obtained on an FT 60-s schedule with
those obtained on an FT 240-s schedule in an
ABAB design.

METHOD
Subjects and Apparatus

Four naive female albino rats, purchased
from Charles River, were housed individually
in one room with 24-hr light. Each rat was
approximately 6 months old at the beginning
of the study. Their weights were reduced to
80% of their free-feeding weights by restricting
food intake over a period of 10 days. Water
was freely available in the home cages.
The apparatus was the same as that used

in Experiments 1 and 2.

Procedure
All subjects were exposed to four experi-

mental conditions in an ABAB design.
Condition A: FT 60 sfree access. Food pellets

were delivered on an FT 60-s schedule, and
subjects had free and continuous access to the
drinking tube, running wheel, and the oak
block. Lever presses had no programmed con-
sequences. All sessions began with a pellet de-
livery and lasted 45 min. The drinking tube,
chewing block, and running wheel were pre-
sented to each subject at the beginning of the
session with the first pellet delivery, and were
retracted or locked at the end of the 45th in-
terval. This condition was in effect until the
session totals and the temporal distributions of
all activities within the IRI appeared stable

for at least eight sessions for each subject. Sub-
jects were exposed to this condition for 54 ses-
sions in the first exposure and 20 sessions in
the second exposure.

Condition B: FT 240 s free access. Food pel-
lets were delivered on an FT 240-s schedule.
Sessions lasted 80 min, with the completion of
the 20th interfood interval. This condition was
similar to Condition A in all other respects.
Subjects were exposed to this condition for 27
sessions in the first exposure and 20 sessions
in the second exposure.

RESULTS AND DISCUSSION
The session totals and averaged temporal

distributions of each activity for each subject
in the second exposure to Condition A and
Condition B accurately replicated the results
obtained during their first exposure. Data are
reported for the last four sessions in each ex-
posure to Condition A, yielding averages over
eight sessions. Because Condition B contained
only 20 interfood intervals per session, data
are reported for the last six sessions in each
exposure, yielding averages over 12 sessions.

In Condition A, the temporal distributions
of drinking and running in each interval type
were very similar to those observed in Phase
5 of Experiments 1 and 2. Only data from a
representative subject, Rat 22, are shown in
Figure 11. As before, the drink-run sequence
was observed in less than 20% of the intervals.
Over 65% of the IRIs contained running with-
out drinking.

Figure 12 depicts the temporal distributions
of drinking (in drinking-only intervals) and
running (in running-only intervals), plotted
together for ease of comparison. Rats 22 and
23 showed the now familiar similarity in the
temporal characteristics of the two activities.
Rat 24 showed a novel distribution of drinking,
but it was the result of only two drinking-only
intervals in the eight sessions. It is important
to remember that the height of the distributions
is not indicative of the absolute level of the
activity at that second, because the divisor for
the ordinate was the number of times that
interval type occurred. The unique drinking
distribution of Rat 24 is simply the result of
very few occurrences of drinking-only inter-
vals. Rat 21 was unique in that drinking oc-
curred very late in the IRI in those few inter-
vals (10 intervals or 2.8%) when it occurred
alone. Nevertheless, the drinking distribution
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Fig. 11. Temporal frequency distributions of activities for Rat 22 occurring on an FT 60-s schedule in Condition

A of Experiment 3. See text for a description of interval types. The number in each panel represents the percentage
of that interval type observed in this condition.

of Rat 21 is an accurate indicator of the tem-
poral position of drinking.

In Condition B, an FT 240-s food schedule

was in effect. This lean schedule produced sub-
stantially lower amounts of drinking in all rats
than had the FT 60-s schedule. The temporal

frequency distributions of drinking and run-

ning for each subject were very similar, with
no systematic differences between subjects for
any of the interval types. Data from the same
representative subject, Rat 22, are shown in
Figure 13 for each type of interval. The tem-
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Fig. 12. Temporal frequency distributions of drinking and running that occurred in drinking-only and running-

only intervals for each subject on an FT 60-s schedule in Condition A of Experiment 3. The drinking and running
distributions are plotted together even though they occurred in separate IRIs in order to compare their temporal
characteristics. The numbers in each panel represent the obtained percentages of drinking-only and running-only
intervals. Filled circles represent drinking, and open circles represent running.
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Fig. 13. Temporal frequency distributions of activities for Rat 22 occurring on an FT 240-s schedule in Condition

B of Experiment 3. See text for a description of the interval types. The number in each panel represents the percentage
of that interval type observed in this condition.

poral sequence of drinking and running over
the IRI on the FT 240-s schedule was very
similar to that obtained on the FT 60-s sched-
ule (cf. Figure 11). It is especially interesting
to note that the onset of drinking in drink-
before-run intervals occurred at the same time
in the IRI as the onset of running in run-

before-drink intervals, and this latter interval
type occurred much more frequently in the FT
240-s schedule than in the FT 60-s schedule
(15% vs. 2%). This similarity in onset times
was evident in all subjects.

Table 6 contains the percentages of each
interval type obtained from both conditions. In
the FT 240-s schedule, all subjects increased
the percentage of intervals containing both
drinking and running over the level obtained
on the FT 60-s schedule, and much of the
increase was due to a larger percentage of the
run-drink intervals. Only 2 subjects increased
the percentage of the drink-run intervals. The
percentage of drinking-only intervals was very
low and was approximately the same in both
conditions for all subjects. The percentage of
running-only intervals was not systematically
affected by the change to the FT 240-s sched-
ule; the percentage increased with 2 subjects,
decreased with 1 and remained approximately
the same for another. The percentage of
intervals containing neither drinking nor run-
ning was very low for all subjects. The 2 sub-

jects that had high percentages of no-run-or-
drink intervals under the FT 60-s schedule,
Rat 21 (54%) and Rat 23 (72%), reduced their
percentages of this interval type substantially
during the FT 240-s schedule (to about 3%
for both subjects).
A comparison of the temporal distributions

of drinking and running occurring in drinking-
only and running-only intervals is more dif-
ficult with the FT 240-s schedule than with
the FT 60-s schedule because drinking-only
intervals occurred so infrequently. Although
the percentage of drinking-only intervals was
quite low in both conditions, there were only
20 intervals per session on the FT 240-s sched-

Table 6

Percentage of each type of interval observed in each phase
of Experiment 3.

Con- Rat Rat Rat Rat
dition Interval type 21 22 23 24

FT 60s Drink - run 16.9 19.2 10.8 26.9
Run - drink 3.6 3.6 0.6 0.6
Drink only 2.8 7.8 8.3 0.6
Run only 23.3 65.3 8.3 71.7
No run or drink 53.3 4.2 71.9 0.3

FT 240 s Drink - run 24.2 18.8 47.5 26.3
Run - drink 9.6 7.9 15.4 26.7
Drink only 1.7 2.1 13.8 0.4
Run only 61.3 68.8 20.4 46.3
No run or drink 3.2 2.4 2.9 0.3
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Fig. 14. Temporal frequency distributions of drinking and running that occurred in drinking-only and running-

only intervals for each subject on an FT 240-s schedule in Condition B of Experiment 3. The drinking and running
distributions are plotted together even though they occurred in separate IRIs in order to compare their temporal
characteristics. The numbers in each panel represent the obtained percentages of drinking-only and running-only
intervals. Filled circles represent drinking, and open circles represent running.

ule, compared to 45 intervals per session for
the FT 60-s schedule. The obtained drinking
distributions in 1 subject resulted from as few
as three intervals over 12 sessions. Figure 14
depicts these drinking and running distribu-
tions obtained from drinking-only and run-

ning-only intervals. Even though comparison
of the shapes of the distributions is not ap-
propriate in this condition because of the large
difference in the number of intervals repre-
sented by them, the drinking and running dis-
tributions did overlap in all subjects. This
overlap implies that drinking and running did
not occupy different portions of IRIs when the
activities occurred alone in the FT 240-s
schedule.

Statistical analysis of the distributions of the
starting times of drinking and running was not
informative for 3 of the 4 subjects because of
the very small number of drinking-only inter-
vals. The frequency of these intervals for Rat
23, however, did permit statistical analysis.
This analysis revealed that the drinking and
running distributions could be described as

representing independent samples from the
same hypothetical distribution with at least
95% certainty, t(58) = 2.3, p < .05. This
similarity demonstrates that drinking and run-

ning began at the same point within the IRI

in drinking-only and running-only intervals
for this subject.

GENERAL DISCUSSION
Much of the research related to temporal

control on periodic reward schedules and to
theories of schedule induction has emphasized
the temporal regularities and behavioral ste-
reotypy that occur within IRIs. Explanations
of this temporal regularity have often hypoth-
esized a modulating influence of the schedule
on the motivational states of the animal. In the
simplest case, models of schedule induction have
posited a facilitatory relation between prop-
erties of periodic food schedules and adjunctive
drinking or other schedule-induced activities
(Cohen et al., 1985; Falk, 1966, 1971; Freed,
Zec, & Mendelson, 1977; Killeen, 1975,1979;
Rosellini, 1985). Some theorists have extended
the idea (that periodic schedules directly mod-
ulate the motivational states of animals) to
more than one activity to explain the fre-
quently obtained multimodal activity distri-
butions occurring within IRIs (e.g., Cohen et
al., 1985; Staddon, 1977; Thompson & Lu-
binski, 1986). Our results do not support this
extension to a sequence of activities forming
multimodal distributions.

Rat 21
D= 1.7%
R=61.3%

Rat 23
D= 13.8%
R=20.4%

Rat 24

INn h R=46.3%
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One purpose of the present study was to
isolate the determinants of these multimodal
distributions. Our results indicated that the
distributions obtained by averaging across all
IRIs in a session do not accurately represent
the transitions between activities that occur
within most IRIs. We obtained multimodal
distributions in Experiment 1 (Figure 5) when
we averaged across all intervals, but these mul-
timodal distributions were obtained by aver-
aging across intervals with dissimilar activity
transitions. Drinking and running most often
occurred in separate intervals, with approxi-
mately equal starting times but with variation
in bout duration. These averaged multimodal
distributions have been the basis on which the
previously cited theorists have proposed that
periodic schedules modulate the animal's mo-
tivational states, causing activities to occur at
particular periods within the IRI. Our results
lead us to conclude that transitions between
activities within individual IRIs in rats do not
result from a direct influence by the schedule
on the sequence of tendencies to drink and run.

First, a direct influence of the periodic
schedule on the tendency to drink or run would
imply that these activities should occur at dif-
ferent periods within the IRI. All three ex-
periments demonstrated that when drinking
and running occurred in separate intervals,
their onset times were approximately equal.
The similarity in the distributions of drinking
and running was evident (a) when rats had
free access to each activity (Experiment 1,
Phase 5), (b) when a single lever press was
required for access to each activity (Experi-
ment 2, Phase 6), (c) when subjects could select
only a single activity within an interval (Ex-
periment 2, Phase 7), (d) when the availability
of the drinking tube or running wheel was
manipulated by the experimenter indepen-
dently of the rat's behavior (Experiment 2,
Phase 9), and (e) when the duration of the
IRI was extended to 240 s (Experiment 3,
Condition B).

Second, the drink-run sequence was usually
observed in only a small percentage (less than
20%) of the intervals. Rat 1 in Phase 3 of
Experiment 1 and Rat 11 in Phase 3 of Ex-
periment 2 were exceptions, but their drink-
run pattern was reduced in subsequent con-
ditions. This pattern did not recover during
subsequent replications of the free access con-
dition. Rather, drinking and running usually
occurred in separate intervals.

Finally, when the duration of the IRI was
changed from 60 to 240 s in Experiment 3,
the increase in the number of intervals con-
taining both drinking and running in the FT
240-s schedule was due largely to an increase
in the number of intervals in which running
preceded drinking, rather than the reverse. This
sequence of activities should not occur if the
schedule directly modulates motivational states
in the same manner in every interval.
What evidence supports the hypothesis of a

modulating influence of the schedule? If this
influence is discounted, what other mecha-
nisms might be responsible? It is useful to
separate two related types of evidence: evidence
that directly points toward a modulating in-
fluence and evidence that indicates a low de-
gree of substitutability between drinking and
running. A modulating influence is supported
by the observation that the drink-run sequence
did occur in some intervals. In the context of
these experiments, 14 rats were exposed to the
FT 60-s free access condition, and for 12 of
the rats, the drink-run pattern occurred in less
than 20% of the intervals in all conditions. The
occasional transition from drinking to running
(or vice versa) observed in most subjects should
not imply a direct influence by the schedule.
The drink-run sequence occurred substan-
tially more frequently than the run-drink se-
quence. Why might the drink-run sequence
be more likely? It is easy to postulate a possible
mechanism for the difference without assum-
ing that the periodic schedule modulates mo-
tivational states. If preferred drinking bouts
are shorter in duration than are running bouts
(as was found in Experiment 1), then the offset
of drinking in drink-run sequences would nor-
mally occur earlier in the IRI than would the
offset of running in run-drink sequences. As
time in the interval progresses, the dominant
food-related behavior becomes increasingly
likely. Thus, food-related behavior should be
a stronger competitor after a running bout has
ended (preventing drinking from occurring)
than after a drinking bout has ended. This
hypothesis is supported by the finding in Ex-
periment 3 of an increase in the number of
run-drink intervals when rats were shifted to
the longer FT 240-s schedule.
The poor substitutability between drinking

and running remains unexplained. Drinking
and running appeared to be slightly substi-
tutable for each other but only in certain sit-
uations. For example, in the fixed-ratio sched-
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ule conditions of Experiment 1, running levels
did not increase as drinking levels decreased,
and the temporal position of running did not
shift to earlier parts in the interval previously
occupied by drinking. This lack of substitut-
ability within the IRI has often been explained
by assuming that periodic schedules modulate
motivational states to preclude substitution. In
most conditions in each experiment, however,
running clearly did occupy the same temporal
position as drinking. Running and drinking
often began at the same postfood period, and
their temporal distributions were often strik-
ingly similar. Thus, the poor substitutability
was not due to any direct influence of the pe-
riodic schedule on the underlying motivational
systems. Instead, it is more likely related to
the mechanisms responsible for the preference
for drinking after food delivery.

Substitutability was greater in other con-
ditions. For example, in the exclusive choice
condition of Experiment 2, drinking increased
and running decreased in all subjects com-
pared to the free access condition. In the no
choice condition, drinking levels were higher
when running was not available, and running
levels were higher when drinking was not
available. Each finding implies either a degree
of substitutability or competition for available
time. The total amount of time engaged in
drinking and running in intervals containing
both activities was not significantly longer than
the time spent running when it occurred alone.
The total amount of time engaged in activities
unrelated to obtaining food appeared to be
roughly constant across intervals, with run-
ning and drinking substituting for one another
or competing with one another for expression.
This substitution, or competition, has been
widely observed in other studies that have
demonstrated that the addition of a running
wheel suppresses the time spent drinking (e.g.,
Experiment 2; Riley, Peele, Richard, & Kul-
kosky, 1981; Segal, 1969; Staddon & Ayres,
1975; Wetherington & Riley, 1986).
The emphasis in most studies concerned with

the temporal organization of behavior within
the IRI has been placed on the peaks, or modes,
of the averaged frequency distributions, such
as those in the first column of Figure 5 (cf.
Reid & Staddon, 1990; Staddon, 1977). It is
important not to confuse a positive slope in
such a distribution with an individual rat's
increased tendency to engage in that activity.

The peaks of these averaged distributions are
functions of variables with values that are
unique to each activity, making peaks very
poor indicators of motivational states. For ex-
ample, preferred bout lengths for drinking and
running are typically not of the same duration
(cf. Experiment 1). The activity with the
shorter bout lengths will usually have a shorter,
more pointed distribution, as is often seen with
drinking. In addition, the preferred rates of
licking and running are not equal. The mea-
sured rate of running in a wheel depends crit-
ically upon the size of the wheel and the num-
ber of "counts" per revolution, as well as the
motivational state of the subject. Drinking rate
depends more on the physical characteristics
of licking. The activity with the higher rate
will probably have a more pointed distribu-
tion. Finally, the times required to reach the
preferred rates of licking and running are
probably substantially different. Licking oc-
curs at a relatively fixed rate that is reached
only a second or two after licking begins. Run-
ning typically requires accelerating a wheel
with substantial inertia, and rats often change
the direction of the wheel's rotation.
We place our emphasis on the time of an

activity's onset within the IRI rather than the
distribution's peak because it indicates the time
of the transition from one activity to another.
If periodic food schedules can modulate the
subject's motivational states to cause transi-
tions between activities at relatively fixed points
within the IRI, the time of an activity's onset
is a more accurate indicator of this point.
Many studies have demonstrated multi-

modal activity patterns in rats on a wide range
of interval durations (see review in Reid &
Staddon, 1990). The multimodal pattern that
has most often been reported is drink then run,
as in this study. Do the data in these studies
contradict our conclusions and argue in favor
of a modulating influence of periodic sched-
ules? We found that other published data ac-
tually support our conclusions. For example,
although Figure 2 (Rat 4) from Staddon and
Ayres (1975) has often been republished as the
classic example of the drink-run pattern, the
running and drinking distributions overlapped
substantially in 4 of their 5 rats. Importantly,
running and drinking started at approximately
the same time within the interval. Overall,
there was much variation in the sequence of
the activities. The study by Reid and Staddon
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(1990) also contains an example of the drink-
run pattern. Their Figure 8.1 was an early
analysis of Rat 1 in Phase 3 of Experiment 1
of this study, so it does not represent an ad-
ditional example of a stereotyped behavior pat-
tern. As pointed out above, Rat 1 demonstrated
this drink-run pattern in that condition sub-
stantially more than did the other 4 rats, but
the pattern was transient. Other studies dem-
onstrating multimodal activity patterns in rats
show substantial (often complete) overlap of
their distributions, even though their respec-
tive modes occur at different points in the in-
terval (Killeen, 1975; Knutson & Schrader,
1975; Lucas et al., 1988; McIntire, Lunder-
vold, Calmes, Jones, & Allard, 1983; Reid et
al., 1985; Roper, 1978; Wetherington & Riley,
1986). To our knowledge, no other data that
offer a detailed examination of the intervals
that make up these averaged distributions are
available.

Based on several observations, we conclude
that the most frequent sequence of activities
on periodic food schedules is a single period
of drinking, running, or almost any other ac-
tivity (schedule induced or not), beginning soon
after consuming the pellet, followed by re-
turning to the feeder in anticipation of the next
pellet delivery. Published distributions show
the same overlap in distributions that our re-
sults show; our results demonstrate that over-
lapping multimodal distributions are the result
of averaging across typically unimodal inter-
vals; the distributions of the times of onset of
drinking and running were the same in this
study as well as in that of Staddon and Ayres
(1975); and IRIs contain substantial variation
in the order of activities when two or more
activities occur, especially with long IRIs. Most
rats do not show a stereotyped drink-run se-
quence within most IRIs.

Mechanisms of Temporal Organization
Many studies have reported schedule-in-

duced behavior with unimodal distributions in
rats (Edwards & Roper, 1982; Killeen, 1975;
King, 1974; Reberg, Mann, & Innis, 1977;
Reid & Dale, 1983; Reid & Staddon, 1982;
Wetherington & Riley, 1986). In their formal
analysis of the temporal distributions of drink-
ing, Reid and Dale (1983) demonstrated that
periodic food schedules directly facilitate food-
related activities, and temporal distributions of
schedule-induced drinking were determined

by the temporal distributions of the dominant
food-related activities. They demonstrated that
at each second in the IRI, increases (or de-
creases) in the distribution of food-related ac-
tivities (head-in-feeder) corresponded very
closely to decreases (or increases) in the drink-
ing distributions. Their result would be ex-
pected (and trivial) if drinking and food-re-
lated activities were mutually exclusive and
exhaustive, but in their experiments much time
remained available for other activities. Reid et
al. (1985) demonstrated the same reciprocal
relation with activities that were not schedule
induced, but were produced by rats on a pe-
riodic water schedule. All activities had essen-
tially the same temporal distributions in the
interval and complemented the distribution of
reward-related activities.

Hence, reward and temporal control deter-
mine the temporal distributions of reward-re-
lated activities, which, in turn, determine the
unimodal distributions of induced and non-
induced activities. In simple periodic sched-
ules, time engaged in reward-related activities
(consuming, working, or looking for reward)
determines the time available for all other ac-
tivities, which probably have only a small im-
pact on the amount of reward-related activities
(see review in Reid & Staddon, 1990).

It is now clear that the temporal character-
istics of reward-related activities play an im-
portant role in the temporal organization of
essentially all types of behavior of periodic re-
ward schedules. Following Timberlake and his
colleagues (Lucas et al., 1988; Timberlake,
1990; Timberlake & Lucas, 1989) we have
used the term focal search to describe these
reward-related activities in order to emphasize
the functional role they serve in the rat's nat-
ural environment as it forages for food. Focal
search corresponds roughly to terminal behav-
iors in Staddon's (1977) model of schedule in-
duction. In periodic schedules, focal search
comes under temporal control and is the dom-
inant, highest priority activity during the be-
ginning and end of the IRIs when the prob-
ability of finding food is high (Reid & Dale,
1983).
The unimodal distributions of drinking and

running in the present experiments are en-
tirely consistent with the notion that unimodal
distributions on periodic reward schedules are
determined by the temporal distribution of fo-
cal search. The determinants of the temporal
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characteristics of the distributions appear to
be the same for schedule-induced activities as
well as for noninduced activities. Even occa-
sional drink-run and run-drink sequences are
consistent with Reid and Dale's (1983) con-
clusion that the temporal organization of
schedule-induced drinking, running, and other
activities occurring within the IRI is deter-
mined by the temporal distribution of focal
search, which is facilitated by and under tem-
poral control of the periodic food schedule.
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